Abstract Sex-linked factors may alter risk for neurodegenerative diseases. Definitive diagnoses are not established until autopsy, so neuropathological studies are critical. There have not been reported gender-related differences in neocortical Lewy bodies (LBs) using large multi-center autopsy series. We evaluated the associations between gender and pathologically characterized neurodegenerative diseases. Cases with Alzheimer's disease (AD), neocortical LBs, AD ? neocortical LBs, or neither pathology were evaluated as separate groups. Results were corrected for possible confounders including age at death, smoking history, and education. The settings were the University of Kentucky Alzheimer's Disease Center and the National Alzheimer's Coordinating Center (NACC) Registry autopsy series; 3,830 subjects met inclusion criteria. Patients with neocortical (''diffuse'') or intermediate (''limbic'') LB pathologies tended to be male (male:female odds ratios *2.9 with 95% CI 2.02-4.18). The preponderance of males dying with neocortical LB pathology was seen consistently across age groups and was not due to the potential confounders evaluated. By contrast, individuals dying with AD pathology were more likely to be female if dying over 80 (male:female odds ratio 0.66, 95% CI 0.50-0.88), but that tendency was not seen in individuals dying with AD pathology prior to age 80. Increased understanding of the male predominance in neocortical LB pathology may help guide clinicians, because males are more likely to be ''undercalled'' for neocortical LBs clinically, and females are more likely to be ''overcalled'' (P \ 0.05 for both). Males are far more likely than females to die with neocortical LB pathology. This phenomenon may help guide medical practice including clinical trial study design.
Introduction
Correlations between gender and neurodegenerative disease (ND) risks are not clearly established. At a population level, men and women differ in their genetic repertoires and environmental exposures. Specific sex chromosome-linked genes, sex hormones, and sexually disparate co-morbidities are hypothesized to affect ND pathogenesis [4, 12, 21] .
Testing the association between gender and ND risk requires human studies because NDs are essentially human-specific. However, the application of epidemiological methods must overcome multiple challenges. Potential confounders include the *5 year average longevity difference between males and females, nonidentical exposures, and distinctive behavior patterns including different rates of volunteerism for clinical studies. Furthermore, definitive ND diagnoses require autopsy confirmation. Neuropathological diagnoses are especially important for cases with mixed pathology, such as Alzheimer's disease (AD) with concomitant dementia with Lewy bodies (DLB), where precise clinical diagnostic criteria are lacking.
Perhaps due to these challenges, there have been relatively few studies providing assessment of gender-related risk for neuropathologically proven DLB. DLB is characterized clinically by fluctuating cognition, well-formed hallucinations, parkinsonism, and other supportive features [15] . Definitive diagnosis of DLB requires pathological confirmation, which rests on a-synucleinimmunoreactive cortical Lewy bodies [15] . Although there has been recent progress in DLB diagnoses, the positive predictive value of the clinical diagnosis remains rather low [13, 14, 16, 17] . In contrast to DLB, prior studies in AD and Parkinson's disease (PD) have found firmer evidence of links between gender and risk for diagnosis or mortality [2, 4, 21] .
There have been prior autopsy series that have included pathologically-verified DLB cases and most, but not all, have shown a trend for more males than females to die with this pathology [3, 7, 8, 10, 20, [25] [26] [27] . However, there has not been a study that has evaluated the phenomenon systematically, nor has there been a relevant well-powered, systematic study using a multi-center autopsy series. There also has never been an evaluation in a large dataset as to whether the clinical-pathological correlation differs between the genders. We hypothesize that if the gender link in DLB is underappreciated in the clinical community, men and women would have different rates of agreement between clinical and pathological diagnoses. It may be helpful to understand these correlations for better diagnostic and therapeutic decisionmaking in the future.
In the present study, associations were tested between gender and risks for AD, neocortical LB, and mixed (AD ? neocortical LB) pathologies in some large autopsy cohorts derived from multiple academic centers. We also tested whether men and women tend to be misdiagnosed before death at different rates in terms of the clinical prediction of cortical LB pathology. Data were analyzed from the National Alzheimer's Coordinating Center (NACC) [5] Registry with separate subanalyses from the University of Kentucky Alzheimer's disease Center (UK ADC) autopsy series.
Methods

Databases
The NACC Registry represents data obtained from 25 different ADCs [5] . The study was performed with approval by local institutional review boards. Inclusion criteria and numbers excluded are described in detail in Supplemental file 1. The following groups were excluded from the NACC data (total N = 2311): death prior to 1998; no data about education level or neuropathology; and, clinical history of prion disease, triplet repeat diseases, brain cancer, or frontotemporal dementia that might explain a dementia syndrome with early death. PD and Parkinson's disease with dementia (PDD) cases were excluded due to lack of statistical power. There were no inclusion or exclusion criteria with regard to cognitive decline during life, because neuropathological diagnoses were used as the gold standard for the disease process. Using these criteria, 3,172 cases were included from the NACC Registry (excluding UK ADC cases) and an additional 658 from the UK ADC [18] autopsy series from which no autopsied cases were excluded from initial analyses. Mean number of included subjects per ADC was 129, median 125, and range 16-340.
Pathological criteria
Neocortical LBs were determined by indication of ''diffuse'' or ''intermediate'' cortical LB pathology using the NACC registry ''NPLEWY'' variable, based on consensus diagnostic features [15] . The ''brainstem-predominant'' variant was not included initially because this pathology has a low probability of correlating with a DLB syndrome clinically [9] . AD-type pathology was determined using a modified version of the National Institute on Aging-Reagan Institute criteria [1] that incorporated both CERAD stages of neuritic plaque densities and Braak stages for neurofibrillary pathology. AD was indicated by Braak stages V or VI with CERAD ''moderate'' or ''frequent''. If a sufficient number of cortical LBs were present to merit the designation of DLB by pathology according to the NPLEWY code in the NACC Registry, then, AD was deemed also present (i.e. AD ? DLB) with Braak neurofibrillary stages IV, V, or VI. Braak stage IV cases were included for AD ? DLB because AD pathology in the presence of cortical LBs tends to be lower despite commensurate clinical disease [18] .
Statistical methods
For the NACC data, a logistic regression model was used to control for age at death and years of education. This model was also run on an age-stratified sample, where 80 years of age was the cut-point. This age was selected because it is the approximate mean age at death for this research cohort ( Table 1) . As additional variables of interest were available in the UK ADC data, a separate logistic regression model predicting male gender included age at death, years of education, ND pathology type, smoking history (reported smoker vs. not), and apolipoprotein E (ApoE) alleles. Simple odds ratio tabulations, confidence intervals, and all other analyses were conducted using PC-SAS 9.1.3 Ò . Odds ratios were used rather than relative risk statistics because the populations reported were convenience samples rather than random cohorts. Gender-specific rates of overcall and undercall of clinical diagnoses, using the pathological diagnoses as the gold standard, were compared using the Chi-square statistic.
Results
Although the dataset is skewed toward individuals with cognitive decline, the full gamut of cognitive impairment severity was observed, with 23% of patients in the NACC Registry data having final MMSE scores above 25. Neuropathological findings were stratified by gender (Table 1 ); mean age and education level are provided to convey additional information about the various subgroups. UK ADC data is provided separately from the NACC Registry data because the latter was a validation dataset used to evaluate the original finding in the UK ADC data. Persons who died with pathologically verified DLB-unlike AD, AD ? DLB, or controls-tended to be males in both the UK ADC autopsy series (P \ 0.003) and in the larger NACC Registry excluding UK ADC patients (P \ 0.0001). Note that the odds ratio for pure neocortical LB pathology in males is almost identical (*2.8) in the two cohorts. Although 25 different ADCs provided cases for the current study, DLB cases in the NACC Registry clustered from 17 ADCs which contributed more than two DLB cases each. From each of these 17 different ADCs, the number of males with DLB pathology exceeded the number of females.
Results of the logistic regression analysis indicated that male preponderance in DLB diagnoses is not due to possible confounders including age of death, years of education, in either the NACC registry or UK ADC cohorts, nor due to the additional predictors of apolipoprotein E alleles or smoking history in the UK ADC cohort (P \ 0.01 comparing ''DLB Only'' to ''Neither AD nor DLB''). The interaction between age and diagnosis was assessed in a separate logistic model-in the NACC Registry data-and found not to be significant.
The NACC Registry data was used to test the importance of age at death and the LB pathology subtype. Figure 1a (NACC registry data) shows that the relatively high male:female ratio of neocortical LB pathology is found at autopsy almost uniformly across different age groups. As shown in Table 2 , the 95% confidence intervals for relative risk for ND pathology in males indicate that individuals dying both before or after 80 years tend to be males if dying with DLB pathology. By contrast, those that die after age 80 with AD pathology tend to be females, but this genderrelated risk effect is not seen in persons dying before 80 years of age. When the results are stratified by pathological subtype of DLB pathology [15] (Fig. 1b) , male Having shown that males are more likely than females to die with pure neocortical LB pathology, we sought to test the hypothesis that this phenomenon could be important in a clinical context. More specifically, we wanted to ascertain whether the phenomenon was under-appreciated in the academic environment of ADCs in such a way as to promote clinical (antemortem) DLB misdiagnoses. To test this, we evaluated cases where the clinical (N = 99) and/or pathological (N = 162) diagnoses of pure DLB were documented (Fig. 2) . In cases with clinical DLB diagnoses, an individual who was not found to have DLB at autopsy was said to be an ''overcall'' (false positive). By contrast, in cases with pathological DLB diagnoses, an individual whose DLB had been clinically unsuspected was said to be an ''undercall'' (false negative). The data indicate that men tend to be ''undercalled'', and women tend to be ''overcalled'' for DLB clinically (P \ 0.05 in both cases), consistent with the hypothesis that there is suboptimal appreciation of the phenomenon of neocortical LB pathology being over-represented in males in ADCs.
Discussion
Data from large autopsy series indicate that there is a positive association between male gender and risk for dying with relatively ''pure'' cortical DLB pathology. This effect does not appear to be related to potential confounders such as patients' age of death, education level, smoking status, or ApoE alleles. These data may provide an important new link in understanding DLB pathogenesis. Prior American, European, and Japanese autopsy series have found disproportionate numbers of males in pathologically-confirmed DLB cohorts [3, 7, 8, 10, 20, 25, 26] . However, the question has not been systematically analyzed using large multicenter cohorts. Other previous studies have also relied on clinical, rather than pathological, criteria for DLB diagnoses, which are far less dependable.
In the present study, cases with AD, DLB, and AD ? DLB pathology were considered separately. This approach was chosen partly because DLB and AD ? DLB tend to have distinct clinical manifestations [10, 19, 24] . In addition, the fundamental biology of AD ? DLB may be unique, a point highlighted by the finding of specific genetic mutations associated with AD ? DLB pathology [11, 22] . Thus, we found it preferable a priori to separate AD, DLB, and AD ? DLB cases by pathology, whether they might be considered individual diseases or a distinguishable combination of diseases.
Using neuropathological diagnoses as the gold standard, the associations between gender risk for AD or AD ? DLB were relatively weak. Prior studies have noted that AD mortality and prevalence are higher in women than in men [4] . However, in the NACC (N = 3,494 including UK ADC) database, correcting for age at death caused the AD/gender association to lessen. Further work is required to better understand the associations between gender and AD risk.
The present study has limitations. The cases derived from a large, multi-center dataset that constitutes a Fig. 1 NACC Registry data was analyzed to test the effects of age and neocortical Lewy body (LB) pathology subtype. a Percent male by age at death cohort: AD, DLB, AD ? DLB or neither pathology. The association between gender and pathologically-verified neurodegenerative disease diagnoses across different cohorts stratified by age at death. In each cohort, males are far more likely to die with neocortical LBs. By contrast, Alzheimer's disease is not skewed to women when death occurs before age 80. Shown are NACC Registry data with autopsy-verified neurodegenerative disease diagnoses (N = 2,718 in these age ranges). b Male:female risk ratio by subgroup of cases with Lewy body (LB) pathology. The more the pathology is concentrated in the neocortex instead of the brainstem, the higher is the odds ratio that the patient is male, indicating neuropathological subtype of LB disease is important in male preponderence cross-sectional convenience sample. There are no doubt a number of relevant ascertainment, selection, and sampling biases referent to this study design. However, the overall gender composition in the NACC Registry is nearly one-half men (see Table 1 ). Since we included groups with pathology other than DLB, the study could compare the features most specific for patients that died with DLB.
Unlike cortical LB pathology, there was a trend for more women to die with AD pathology. We see no reason why there should be differential ascertainment, selection, and sampling biases for the disease subtypes since the neuropathological diagnoses were not known during life. Moreover, any study that includes autopsy data will have some such bias because autopsy rates and study volunteer rates are never perfect. For all its imperfections, the NACC Registry is designed to represent the state of the art in this regard. Another consideration related to the use of neuropathology as ''gold standard'' is that there currently are no consensus criteria for cutoffs to delineate ''AD ? DLB'' versus ''DLB only''. It is hence near-certain that some experts would disagree with our working criteria as we explore the ill-defined interface between AD and DLB.
Another note of caution pertinent to the study design is the axiom that one should not ''fish for small P values in a large dataset''. Strictly speaking, the clinical-pathological correlation was used to provide a proxy for determining ''odds ratios'' for this pathological process in males and females. However, since the phenomenon of male predominance in DLB has been observed previously in other, smaller studies, and here shows such strong statistical significance it is likely that this phenomenon could be clinically and biologically important in a wider sense. Further, the implications are direct and substantial: the fact that physicians may benefit from incorporating these data into their clinical practice is perhaps best demonstrated in Fig. 2 . Research studies, including clinical trials, should likewise incorporate this expectation.
It is important to note that, in contrast to AD, PD has been shown to have a male predominance [21] . Perhaps surprisingly, we found a lack of association between gender and ''brainstem-predominant'' Lewy body-type pathology. Nonetheless, these data may underscore a key pathogenetic link between PD/PDD and DLB. In addition to PD/PDD cases, we also excluded from the NACC Registry analyses of thousands of cases with other strong pathologies including frontotemporal diseases, Huntington's disease, and brain cancer. These exclusions may have introduced additional confounders related to gender and NDs. However, we did not apply such exclusions to the UK ADC cohort and the results were very similar with regard to the male predominance of neocortical LB pathology.
Why would males have a higher risk for neocortical Lewy bodies? Sex hormones have been suggested to confer altered risk to NDs [4, 12, 21] . PD has been linked to environmental exposures, and environmental factors may also influence neocortical Lewy bodies in DLB [23] . Alternatively, in patients with DLB, women may have a relatively greater tendency to develop concomitant AD pathology, so these patients would be shifted into the AD ? DLB category. This latter hypothesis is credible Fig. 2 Clinical misdiagnoses in DLB: males versus females. Gender differences in neocortical Lewy body (LB) pathology is directly relevant to clinical diagnoses in neurodegenerative diseases and appears to be under-appreciated by clinicians. The presence of LB pathology in males is relatively likely to be missed by clinicians, whereas in females the diagnosis tends to be ''overcalled'', according to NACC Registry data tabulated since 2000 (total N = 2,862). These data involve only cases where the clinical (N = 99) and/or pathological (N = 162) diagnoses of pure dementia with Lewy bodies (DLB) were documented. For individuals where cortical LB pathology was observed upon autopsy (left bars), a false-negative ''undercall'' was indicated if the diagnosis of DLB was not made during life. In the case of patients where DLB was suspected clinically (right bars), a false-positive ''overcall'' meant that cortical LB pathology was not judged to neuropathologically contribute to the dementia. Results were compared using the Chi-square statistic. These data indicate that an appreciation of the relative tendency for males to have cortical LB pathology may help prevent clinical diagnostic misdiagnoses because synucleinopathy and AD-type pathology can be synergistic in humans and in animal models [6] . However, many clinical and biological issues related to the gender, AD, and DLB remain unresolved.
